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DISCUSSION

Teufel (1980) found that two deformation events can 
be distinguished if the second deformation event has 
a stress orientation >45° from the original.  These 
two events are differentiated in the dataset by the 
presence of >40% NEVs.  Craddock et al.  (2000) 
examined calcite twinning strain within the upper 
and lower plate of the HMD to better understand the 
deformation of the allochthon during emplacement.  
The HMD carbonate rocks in the upper plate and 
lower plate contain a pre-HMD calcite twinning strain 
from the Laramide-Sevier orogeny that shows thrust 

Upper Plate Strain

The upper plate samples all contain <40% NEVs.  
SFD-5.1 contains 37.5% NEVs, and SFD-1, SFD-2, 
SFD-7 and SFD-10 have 20% NEVs.  The majority of 
the remaining samples contained <10% NEVs (Table 
1).  All the samples exhibit LPS, though the proximity 
of the shortening axis to bedding varies (Fig. 1).  The 
orientations of the shortening axes in the hanging wall 
are scattered.  SFD-5, SFD-6 and SFD-7 are in the NE 
quadrant and have a shallow plunge of 8°-22°.  SFD-
14.2, SFD-14.3, SFD-12 and SFD-3 are in the SE 
quadrant and have a plunge ~20°-50°.  The southern 
portion of the SW quadrant contains SFD-1, SFD-2 
and SFD-10 plunging from 6°-50°.  SFD-14.1 plunges 
19° in the NW quadrant (Fig. 3).  The extension axes 
are also dispersed throughout the upper plate with 
a concentration to the SE, W and N.  The extension 
axes have moderate to shallow plunges ranging from 
8° to 50° (Fig. 3).  When the beds are rotated back to 
horizontal, the compression axes are still scattered, 
but all have a shallow plunge ranging from 4° to 30°.  
The extension axes in horizontal bedding are mostly 
scattered within the western hemisphere and plunge 
from 2° to 80° (Fig. 3). 

Figure 2.  Plots showing ε1, ε2, ε3 of PEVs in the lower 
plate of the SFF. A demonstrates the strain orientations 
when the bedding is tilted. B shows the strain orientation 
when bedding is rotated to horizontal.
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Figure 3.  Plots showing ε1, ε2, ε3 of PEVs in the upper 
plate of the SFF. A demonstrates the strain orientations 
when the bedding is tilted. B shows the strain orientation 
when bedding is rotated to horizontal.
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transport-parallel (E-W) shortening strain.  The low 
percentage of NEVs implies the upper plate did not 
contain a HMD related strain overprint, which has 
significant implications for the emplacement rate of 
the allochthon.  Because twinning is a time-dependent 
deformation mechanism, the absence of a detach-
ment related overprint indicates rapid emplacement 
of the allochthon.  Craddock et al. (2009) later used 
geochemical data and thermodynamic calculations to 
quantify the emplacement rate of the HMD and found 
that it traveled as much as 50 km in 3-4 minutes.
The PEV shortening axes in the southwest footwall 
have an approximate WNW trend (Table 1), exhibit 
LPS (Fig. 1) and have moderately steep plunges even 
when bedding is rotated back to horizontal (Fig. 2).  
The relatively steep plunges and WNW trend are not 
consistent with Sevier-Laramide-related shortening, 
which is characteristic of shallow E-W or NE-SW 
trends (Craddock, 1992).  It is very likely that this 
strain is directly related to the emplacement of the 
SFD allochthon.  The absence of any Sevier-Laramide 
related strain in the lower plate and the low percent-
age of NEVs makes it unlikely the PEV strains within 
the upper plate demonstrate Sevier-Laramide strain. 
The variety of percent NEVs (Table 1) as well as the 
scatter within the strain orientations (Fig. 3) could be 
the result of continuous strain as the beds were tilted.  
If the calcite was twinned by a constant orientation 
of maximum compressive stress while the beds were 
simultaneously tilting, the finite strain ellipsoid calcu-
lated from calcite twins may represent a combination 
of many incremental strain ellipsoids.  The calcite 
strain-gage technique does not account for rotational 
strain (Groshong, 1972), which could explain the 
scatter among the strain orientations. 

Since the SFD has twinning strain that is most likely 
directly related to the SFD emplacement, the alloch-
thon must have been emplaced in enough time to 
develop mechanical twins.  Because twins are present, 
the SFD allochthon was not emplaced at such a rapid 
rate as the HMD, but still could have been emplaced 
catastrophically.  Clarey (2009) defines the SFD as a 
superfault, which is an allochthon emplaced >100m 
at >0.1m/s. If the SFD traveled 10 times faster than 
the minimum rate of a superfault, it would still allow 
time for mechanical twins to develop (Friedman and 
Heard, 1974).  		   

An overprint found in the Sundance Formation would 
likely be the result of Laramide-Sevier strain.  How-
ever, none of the samples within the SFD contain 
≥40% NEVs.  Therefore, there is no evidence for a 
non-coaxial event.  The absence of Sevier-Laramide-
related strain in the SFD is striking because it is 
abundant within the HMD upper and lower plate 
(Craddock et al., 2000).  Because the strata related to 
the SFD are younger than those of the HMD, it is pos-
sible that these beds were not buried deeply enough 
to produce twinning strain related to the Sevier-
Laramide orogenic events.  

CONCLUSIONS

The twinning strain in both the upper and lower plate 
of the SFD are the result of SFD related emplace-
ment. This indicates that the allochthon was emplaced 
at a slower rate than the HMD because mechanical 
twinning is time dependent. Even if the SFD was 
emplaced at a slower rate, it still could have been 
a catastrophic event. There are not enough NEVs 
within the sample suite to demonstrate a noncoaxial 
strain overprint. Therefore, there is no sign of Sevier-
Laramide-related strain in the SFD. This is unexpect-
ed because Sevier-Laramide-related strain is present 
within the HMD. The strata within the SFD may not 
have been buried deeply enough to produce a Sevier-
Laramide strain overprint. 
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